A non-uniform temperature across the width of martensitic stainless-steel strips is considered to be one of the main reasons why the strip exhibits un-flatness defects during the hardening process. Therefore, the effect of the gas inlet position in this process, on the temperature distribution of the steel strip was investigated numerically. Furthermore, an infrared thermal imaging camera was used to compare the model predictions and the actual process data. The results showed that the temperature difference across the width of the strip decreased by 9% and 14% relative to the calculated temperature and measured values, respectively, when the gas inlet position was changed. This temperature investigation was performed at a position about 63 mm from the bath interface. Moreover, a more symmetrical temperature distribution was observed across the width of the strip. In addition, this study showed that by increasing the amount of the hydrogen flow rate by 2 Nm 3 /h, a 20% reduction of temperature difference across the width of strip was predicted. Meanwhile, the results show that the effect of the strip velocity on the strip temperature is very small.
Introduction
A continuous martempering process, or a hardening and tempering line is employed for the production of thin strips of martensitic stainless steels. The hardening process involves three steps; First a protective atmosphere hardening furnace. Thereafter, a martempering quenching media where the strip is stabilized just above the temperature where the initialization of a martensitic transformation occurs. Finally, in the last step the strip is cooled to room temperature in order to achieve a martensite structure.
Webster et al. [1] mentioned a hot oil (up to 205 • C) and a molten salt (160 to 400 • C) as a common martempering quenching media for conventional component hardening. This hardening process needs to be carried out so that consistent flatness is maintained in the finished products. Ebner [2] described that a proper flatness can be obtained by using a LBE quenching media (molten lead-bismuth eutectic). Moreover, Lochner [3, 4] compared three different quenching techniques with regard to flatness, specifically LBE bath, oil, and hydrogen jet. The usage of the LBE bath is emphasized by summarizing its benefits respecting the dimensional precision. Despite of advantages of using LBE bath a flatness defects can't be completely disappeared. Some researchers have reported that an uneven temperature difference is one of the main reasons for the presence of a less-satisfactorily flatness of the outlet of the furnace gas flow is also located. The dimensions of the stainless steel strip are 0.2 mm thickness and 310 mm width. As can be seen in Figure 1 , the strip quenches at x direction by the LBE bath. Furthremore, the measured temperature data was achieved during steady state condition of the continuous hardening process. The camera installations and settings were considered in compliance to the previous measurements done by the current research group [16] , which included an emissivity value of 0.4. According to the manufacturer [17] the measurement uncertainty is ±2% of the measured value.
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Mathematical Model

Mathematical Formulation
The numerical model of this study was conducted in three-dimensional (3D). Moreover, the stainless steel strip, sealed metal bath including the hydrogen gas flow, gliding material, and LBE bath were accounted for in the mathematical model. In addition, the computational model was based on the following statements and assumptions: a) A laminar non-isothermal hydrogen flow was considered in the study (because of Reynolds number, calculated based on the inlet). b) Within the hydrogen filled sealed box domain, the laminar Navier-Stokes equation was solved numerically in combination with the energy balance and continuity equation. Thus, within the sealed box a thermal interaction between the hydrogen flow and the strip takes place. c) The thermal interaction between the strip and the molten metal bath was investigated by only considering heat conduction. d) Steady state was assumed and therefore the transient effects (time dependency) were neglected. e) The gravitational force was neglected.
Based on these assumptions the following governing equations were solved numerically:  Continuity equation:
where is the mass density (kg/m 3 ) and is the velocity vector (m/s). 

Momentum equation:
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Mathematical Formulation
The numerical model of this study was conducted in three-dimensional (3D). Moreover, the stainless steel strip, sealed metal bath including the hydrogen gas flow, gliding material, and LBE bath were accounted for in the mathematical model. In addition, the computational model was based on the following statements and assumptions:
(a) A laminar non-isothermal hydrogen flow was considered in the study (because of Reynolds number, calculated based on the inlet). (b) Within the hydrogen filled sealed box domain, the laminar Navier-Stokes equation was solved numerically in combination with the energy balance and continuity equation. Thus, within the sealed box a thermal interaction between the hydrogen flow and the strip takes place. (c) The thermal interaction between the strip and the molten metal bath was investigated by only considering heat conduction. (d) Steady state was assumed and therefore the transient effects (time dependency) were neglected. (e) The gravitational force was neglected.
Based on these assumptions the following governing equations were solved numerically:
•
Continuity equation: where ρ is the mass density (kg/m 3 ) and u is the velocity vector (m/s).
Momentum equation:
where T is the transpose matrix, p is the pressure (Pa), µ are the dynamic viscosity of the fluid [Pa·s] and I stands for the identity matrix. • Energy balance equation:
where, c p defines the heat capacity at a constant pressure (J/kg·K), k represents the thermal conductivity (W/ (m·K)) and T is the temperature (K).
Boundary Conditions and the Initial Values
The computational domain solved in this study is shown in Figure 2 . In this research, the surface A was considered as an alternative position of the gas inlet. Surface B stands for the outlet of the numerical model. As it can be seen in Figure 2 , a 0.2 mm stainless steel strip is located at the top part of the gliding material within two domains, namely the sealed metal box and the LBE bath. Details of the size of LBE bath, stainless steel strip and the gliding material together with the physical properties of the hydrogen, wall of the sealed metal box, LBE, stainless steel strip and the gliding material used for the model are described in details in reference [16] . The dimensions of the sealed metal box are given in Table 1 .
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− m/s, − m/s, + m/s , + m/s. Different boundary conditions were set for solving the numerical 3D model, which were chosen to describe the thermal interaction at the various domains. Specifically, the following statements and assumptions define the boundary conditions of the model:
•
A no-slip boundary condition for the inner side of the ceiling of the metal box. u = 0 • A moving wall for the strip parts located inside the sealed metal box. The value is the same as the velocity of the strip in the process. The effect of the strip velocity was studied numerically and the following strip velocities were used in this investigation: Figure 2 = v gas , Q = 2.66 Nm 3 /h, v = Q gas (at 1000°C) Area = 0.108 m/s, Moreover, different flow rates for hydrogen gas were investigated numerically in order to determine the impact of this parameter on the predictions. The values 1.66 Nm 3 /h, 3.66 Nm 3 /h and 4.66 Nm 3 /h were assumed in the parametric study.
• A typical furnace temperature for the Surface A and its connected surface.
A pressure outlet at the Surface B in Figure 2 where a backflow is allowed. 
Numerical Conditions
The mathematical model was solved numerically by using the three dimensional (3D) Comsol Multiphysics software [19] . The predictions were made using three different numbers of grid elements, i.e., 79, 570, 341,133, and 561,391. This was carried out in order to improve the calculation time and to obtain mesh independent results. In addition, an unstructured grid was used for this model, which included various element shapes such as tetrahedral, pyramid, triangular, edge, prism, and vertex. A typical calculation took 1.5 h on a custom built Win7 PC from various parts, equipped with a 3.40 GHz Intel Core i7 CPU and a 32 GB RAM.
Results and Discussion
The Impact of the Alternative Placement of the Gas Inlet
The impact of the change in the gas inlet location was our focus of this study. The results of the predicted model with an alternative gas inlet location together with the model validation are presented in this section. The boundary conditions used for the investigation were described briefly in chapter 3.2. The following parameters were considered for the numerical model and the temperature measurement results represented in the current chapter: 
. Grid Sensitivity Study
In order to achieve mesh independent results and to improve the convergence time, three different number of grid elements were applied in the model. Moreover, a mesh analysis was conducted by comparing the strip temperatures along a line through the y-direction (strip width) located 70 mm before the entrance to the LBE bath. The result is shown in Figure 3 . By comparing the maximum temperature values, it can be seen that there is about a 0.39% deviation between the meshes containing 79,570 and 561,391 elements, while a 0.05% deviation is found between the meshes containing 341,133 and 561,391 elements. Furthermore, the computational time is 3 times smaller for a 341,133 mesh than the time needed for solving a 561,391 mesh. Therefore, an unstructured grid with 341,133 elements was selected as the proper mesh for the remaining part of the study. 
Numerical Model Predictions
The predicted hydrogen flow patterns from the numerical model simulations are illustrated in Figure 4 . The color of the lines represents their corresponding temperatures. Overall, symmetric flow trajectories can be seen. Meanwhile, the temperature of the gas decreases dramatically within the sealed metal box. One reason is the thermal interaction of the flow with the surface of the LBE bath. In addition, a convective heat flux from the ceiling of the box to the surroundings causes a decrease in the temperature of the flow. 
The predicted hydrogen flow patterns from the numerical model simulations are illustrated in Figure 4 . The color of the lines represents their corresponding temperatures. Overall, symmetric flow trajectories can be seen. Meanwhile, the temperature of the gas decreases dramatically within the sealed metal box. One reason is the thermal interaction of the flow with the surface of the LBE bath. In addition, a convective heat flux from the ceiling of the box to the surroundings causes a decrease in the temperature of the flow. Figure 5 illustrates the predicted temperature patterns together with the temperature contour plots for a stainless steel strip. In addition, Figure 6 presents the temperature trajectories of the strip at its edges and the center, along the length of the strip. A symmetrical temperature distribution appears in the strip. Meanwhile, a noticeable transverse temperature differences (y-direction) can be observed in the strip before a further cooling takes place by the LBE. Specifically, the temperature differences can be up to about 42 °C in the length position of 171 mm, where the strip hits the LBE bath at the length position of 175 mm. In addition, a significant decrease of the temperature of strip can be noticed. Particularly, the temperature of the center of the strip decreases from 1000 °C (a typical furnace temperature) to about 755 °C at a distance 10 mm before the strip enters to the molten metal bath. Furthermore, a uniform temperature distribution can be found in the strip parts, which are immersed in the bath. In addition, Figure 6 presents the temperature trajectories of the strip at its edges and the center, along the length of the strip. A symmetrical temperature distribution appears in the strip. Meanwhile, a noticeable transverse temperature differences (y-direction) can be observed in the strip before a further cooling takes place by the LBE. Specifically, the temperature differences can be up to about 42 • C in the length position of 171 mm, where the strip hits the LBE bath at the length position of 175 mm. In addition, a significant decrease of the temperature of strip can be noticed. Particularly, the temperature of the center of the strip decreases from 1000 • C (a typical furnace temperature) to about 755 • C at a distance 10 mm before the strip enters to the molten metal bath. Furthermore, a uniform temperature distribution can be found in the strip parts, which are immersed in the bath. In addition, Figure 6 presents the temperature trajectories of the strip at its edges and the center, along the length of the strip. A symmetrical temperature distribution appears in the strip. Meanwhile, a noticeable transverse temperature differences (y-direction) can be observed in the strip before a further cooling takes place by the LBE. Specifically, the temperature differences can be up to about 42 °C in the length position of 171 mm, where the strip hits the LBE bath at the length position of 175 mm. In addition, a significant decrease of the temperature of strip can be noticed. Particularly, the temperature of the center of the strip decreases from 1000 °C (a typical furnace temperature) to about 755 °C at a distance 10 mm before the strip enters to the molten metal bath. Furthermore, a uniform temperature distribution can be found in the strip parts, which are immersed in the bath. 
Validation of the Model
In order to validate the model, infrared thermal imaging was employed. A direct comparison of the results of the predicted model and the real process temperature measurements with their temperature contours are represented in Figure 7 . The predicted temperature resulted from the numerical model is shown in Figure 7a . These results are limited to the area where the temperature measurements had been performed. Furthermore, Figure 7b shows the result of the measured temperature in the real process. The abbreviations LS and RS stand for the left-hand side and right-hand side of the strip, based on its moving direction respectively. Two lines, shown as I-I and II-II in Figure 7b were used for the comparison between the calculated and measured temperature values across the transverse direction (the width of strip) and longitudinal direction (along the length of strip), respectively. The curved shape of the strip at the entry to the bath implies that a buckling of the strip had occurred. The results show that the temperature of the strip decreases dramatically within the sealed metal box. As it can be seen in Figure 7b , the temperature of the strip decreases to about 770 • C from the furnace temperature, i.e., 1000 • C, within the metal box and beyond the cooling in the LBE bath. In addition, a symmetrical temperature distribution can also be observed. The warmest area of the strip is found to be located at the center of the strip. 
In order to validate the model, infrared thermal imaging was employed. A direct comparison of the results of the predicted model and the real process temperature measurements with their temperature contours are represented in Figure 7 . The predicted temperature resulted from the numerical model is shown in Figure 7a . These results are limited to the area where the temperature measurements had been performed. Furthermore, Figure 7b shows the result of the measured temperature in the real process. The abbreviations LS and RS stand for the left-hand side and righthand side of the strip, based on its moving direction respectively. Two lines, shown as I-I and II-II in Figure 7b were used for the comparison between the calculated and measured temperature values across the transverse direction (the width of strip) and longitudinal direction (along the length of strip), respectively. The curved shape of the strip at the entry to the bath implies that a buckling of the strip had occurred. The results show that the temperature of the strip decreases dramatically within the sealed metal box. As it can be seen in Figure 7b , the temperature of the strip decreases to about 770 °C from the furnace temperature, i.e., 1000 °C , within the metal box and beyond the cooling in the LBE bath. In addition, a symmetrical temperature distribution can also be observed. The warmest area of the strip is found to be located at the center of the strip. Figure 8 expresses the temperature distribution along the I-I line resulting from both the predicted model and the measured values. This line is located at a position of about 63 mm from the bath interface. Furthermore, the measurement uncertainty, ±2% of measured value, is shown as an error bar. It can be seen that the maximum temperatures are very similar, namely 804 • C and 802 • C for the predicted and measured values respectively. The maximum deviation of the calculated values to the measured temperature is 16.0% located at the edges of the strip.
Despite of the same temperature pattern, different values for the temperature were observed specifically at the edges by comparing the calculated results with measured data. This can be explained by the available uncertainty and errors in the IR-camera temperature measurements. Dias [17] introduced ±2% of the measured value as the uncertainty of the measurement. This level of uncertainty should be considered as a minimum value, as it was determined for an operation of the camera under specified laboratory conditions. More specifically, Dias [17] measurements were done at an ambient temperature of 25 • C and for a black body radiator. Thus, for practical measurements this error maybe significantly higher. This issue and other errors in connection with infrared temperature measurements were discussed by Minkina and Dudzik [20] . More details regarding the errors of the measurements are available and briefly discussed in the previous work done by the same research group [16] . It has to be mentioned that finding the same line for the comparison between the calculated results and the measured value is extremely difficult. Also, a higher cooling at the very edges may resulted from a possible localized turbulence. Despite of the same temperature pattern, different values for the temperature were observed specifically at the edges by comparing the calculated results with measured data. This can be explained by the available uncertainty and errors in the IR-camera temperature measurements. Dias [17] introduced ±2% of the measured value as the uncertainty of the measurement. This level of uncertainty should be considered as a minimum value, as it was determined for an operation of the camera under specified laboratory conditions. More specifically, Dias [17] measurements were done at an ambient temperature of 25 °C and for a black body radiator. Thus, for practical measurements this error maybe significantly higher. This issue and other errors in connection with infrared temperature measurements were discussed by Minkina and Dudzik [20] . More details regarding the errors of the measurements are available and briefly discussed in the previous work done by the same research group [16] . It has to be mentioned that finding the same line for the comparison between the calculated results and the measured value is extremely difficult. Also, a higher cooling at the very edges may resulted from a possible localized turbulence.
Due to the limitations of performing temperature measurements by using an IR camera specifically at the edges, the comparison of the temperature between the measured and model values were conducted by excluding the data from a position at around 20 mm from each edge in Figure 8 . The minimum values were 796 °C and 767 °C for the calculated temperatures and measured values, respectively. Therefore, the maximum deviation between the calculated temperatures and the measured values decreases from 16.0% to 3.7%. Therefore, the agreement between the predictions and measurements is deemed to be acceptable. Figure 9 shows the temperature of the strip along the longitudinal direction. Line II-II with the length of 77, ended at 21 mm before the bath entry. At this specific line, the temperature of the strip decreases from 845 °C to 769 °C , based on the numerical calculations. Meanwhile, due to the empirical measurements, the temperature declines from 823 °C to 777 °C . Therefore, a proper agreement is visible for the temperature values resulting from the numerical model and the measured data. In addition, the same tendency can clearly be seen from the results from both methods. Due to the limitations of performing temperature measurements by using an IR camera specifically at the edges, the comparison of the temperature between the measured and model values were conducted by excluding the data from a position at around 20 mm from each edge in Figure 8 .
The minimum values were 796 • C and 767 • C for the calculated temperatures and measured values, respectively. Therefore, the maximum deviation between the calculated temperatures and the measured values decreases from 16.0% to 3.7%. Therefore, the agreement between the predictions and measurements is deemed to be acceptable. Figure 9 shows the temperature of the strip along the longitudinal direction. Line II-II with the length of 77, ended at 21 mm before the bath entry. At this specific line, the temperature of the strip decreases from 845 • C to 769 • C, based on the numerical calculations. Meanwhile, due to the empirical measurements, the temperature declines from 823 • C to 777 • C. Therefore, a proper agreement is visible for the temperature values resulting from the numerical model and the measured data. In addition, the same tendency can clearly be seen from the results from both methods. 
Comparison between Two Gas Inlet Positions
The schematic view of two gas inlet and outlet locations in the process are shown in Figure 10 . Figure 10a represents a schematic view of the location of the gas inlet, where it is located in the side 
The schematic view of two gas inlet and outlet locations in the process are shown in Figure 10 . Figure 10a represents a schematic view of the location of the gas inlet, where it is located in the side of sealed metal box or namely in the gas box. This case was investigated previously by the current research group [16] both numerically and empirically. Furthermore, the schematic view of using the alternative gas inlet position i.e., Surface A in Figure 2 in the process is shown in Figure 10b . The current case was studied in this research and the results were shown in chapter 4.1.2 and 4.1.3. Hence, the results between two cases are compared and shown in Figure 11 . This was done by measuring the temperatures of the strip along the vertical line, the I-I line in Figure 7b , at a position 63 mm before the entrance to the LBE bath. 
The schematic view of two gas inlet and outlet locations in the process are shown in Figure 10 . Figure 10a represents a schematic view of the location of the gas inlet, where it is located in the side of sealed metal box or namely in the gas box. This case was investigated previously by the current research group [16] both numerically and empirically. Furthermore, the schematic view of using the alternative gas inlet position i.e., Surface A in Figure 2 in the process is shown in Figure 10b . The current case was studied in this research and the results were shown in chapter 4.1.2 and 4.1.3. Hence, the results between two cases are compared and shown in Figure 11 . This was done by measuring the temperatures of the strip along the vertical line, the I-I line in Figure 7b , at a position 63 mm before the entrance to the LBE bath. It can be seen in Figure 11 that a more symmetrical and uniform temperature distribution can be seen in the strip by considering surface A in Figure 2 as the inlet (Figure 10b case) instead of at the side of the sealed metal box (Figure 10a case) . The details regarding the temperature values shown in Figure 11 are given in Table 2 , where the data at 20 mm from each edge was ignored due to the limitation of IR temperature measurements. By using an alternatively located hydrogen gas inlet (Figure 10b case) , the maximum temperature of the strip at the I-I line was increased by 3.1% and 2.3% based on the predicted results and the measured values, respectively. Therefore, by considering a specific furnace temperature, i.e., 1000 °C , as the initial temperature of the strip, a higher amount of lost heat can be seen by using a metal box gas inlet method (Figure 10a case) . Furthermore, by placing It can be seen in Figure 11 that a more symmetrical and uniform temperature distribution can be seen in the strip by considering surface A in Figure 2 as the inlet (Figure 10b case) instead of at the side of the sealed metal box (Figure 10a case) . The details regarding the temperature values shown in Figure 11 are given in Table 2 , where the data at 20 mm from each edge was ignored due to the limitation of IR temperature measurements. By using an alternatively located hydrogen gas inlet (Figure 10b case) , the maximum temperature of the strip at the I-I line was increased by 3.1% and 2.3% based on the predicted results and the measured values, respectively. Therefore, by considering a specific furnace temperature, i.e., 1000 • C, as the initial temperature of the strip, a higher amount of lost heat can be seen by using a metal box gas inlet method (Figure 10a case) . Furthermore, by placing a hydrogen inlet of in the alternative location (Figure 10b case) , a smaller temperature difference across the transverse direction (width of strip) together with a symmetrical temperature pattern can be achieved. Specifically, the temperature difference was decreased by 9% and 14% due to the calculated temperature and measured values respectively. Therefore, a new placement of the hydrogen gas inlet is more desirable. Table 2 . Temperature comparison between different locations of hydrogen gas inlet by neglecting 20 mm from each sides.
Location of Gas Inlet
Alternative location ( Figure 10b ) 805 795 10 Side of gas box [16] ( Figure 10a ) 781 770 11
Measured Temperature Figure 11b Alternative location ( Figure 10b ) 802 767 35 Side of gas box [16] ( Figure 10a ) 784 743 41
The Impact of the Different Hydrogen Flow Rate
The effect of the different flow rates of hydrogen gas on the strip temperature was investigated numerically. To determine the effect, the temperature across the width of strip at a position 63 mm from the bath interface are shown in Figure 12 and explained in Table 3 . 
The effect of the different flow rates of hydrogen gas on the strip temperature was investigated numerically. To determine the effect, the temperature across the width of strip at a position 63 mm from the bath interface are shown in Figure 12 and explained in Table 3 . It can be seen that the temperature of the strip increases by 11 °C or 1.4% by increasing the hydrogen flow rate by 2 Nm 3 /h. In addition, a lower temperature differences across the width of strip is predicted by the mathematical model. More specifically, the difference is 4 °C or 20% lower. This is due to that a higher amount of warm hydrogen gas is created in the metal box, which contributes to a heating of the strip. It can be seen that the temperature of the strip increases by 11 • C or 1.4% by increasing the hydrogen flow rate by 2 Nm 3 /h. In addition, a lower temperature differences across the width of strip is predicted by the mathematical model. More specifically, the difference is 4 • C or 20% lower. This is due to that a higher amount of warm hydrogen gas is created in the metal box, which contributes to a heating of the strip.
The Impact of the Different Strip Velocity
Different values for the strip velocity were assumed to study the effect of this variable on the temperature distribution. The temperatures across the width of the strip at a position 63 mm from the LBE bath interface are shown by Figure 13 and explained in Table 4 . It can be seen that the effect of the strip velocity on the strip temperature is very little. Furthermore, it has been observed by the predicted model that by increasing 0.03 m/s or 2 m/min to the process velocity (v Strip < 0.17 m/s), the maximum temperature increases by 0.8 • C or 0.1%. Meanwhile, the temperature differences across the width of strip increases very slightly by up to 0.3 • C or 0.03%. This tiny increase in the maximum temperature is due to the existence of shorter cooling time in the sealed metal box, because of a higher velocity of the strip. Figure 13 . The effect of different strip velocities on the strip temperature. Gas inlet and outlet position: Figure 10b . Table 4 . Temperature values resulting from the different strip velocities at the specific position. 
Conclusions
A model of the heat treatment process was made to study the effect of an alternative position of the gas inlet on the temperature distribution of the steel strip. This was done based on mathematical modelling. In addition, thermal imaging was used in order to compare the predicted results to the real process measurements. Moreover, the influence of the variation of the hydrogen flow rate on the strip temperature as well as the strip velocity were studied based on a numerical parameter study. Furthermore, the results of this study were compared to the results from a previous study. The main conclusions are the following: 1. By using an alternate gas inlet and position, where the main gas flow is in the same direction as the strip as opposed to a crossflow scenario, a significant higher degree of symmetry with respect to temperature is achieved along the transverse direction (width of strip). Specifically, the difference of the temperature in the transverse direction (width of strip) decreased by 9% and 14% based on the calculated temperature and measured values, respectively. 2. Increasing the hydrogen flow rate, a reduction of the temperature difference across the transversal direction, close to the bath interface is observed. Specifically, by increasing the flow Figure 13 . The effect of different strip velocities on the strip temperature. Gas inlet and outlet position: Figure 10b . Table 4 . Temperature values resulting from the different strip velocities at the specific position. 
A model of the heat treatment process was made to study the effect of an alternative position of the gas inlet on the temperature distribution of the steel strip. This was done based on mathematical modelling. In addition, thermal imaging was used in order to compare the predicted results to the real process measurements. Moreover, the influence of the variation of the hydrogen flow rate on the strip temperature as well as the strip velocity were studied based on a numerical parameter study. Furthermore, the results of this study were compared to the results from a previous study. The main conclusions are the following:
1.
By using an alternate gas inlet and position, where the main gas flow is in the same direction as the strip as opposed to a crossflow scenario, a significant higher degree of symmetry with respect to temperature is achieved along the transverse direction (width of strip). Specifically, the difference of the temperature in the transverse direction (width of strip) decreased by 9% and 14% based on the calculated temperature and measured values, respectively.
